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Effect of plasma sodium concentration on diluting segment
sodium reabsorption. Studies were performed in dogs undergoing
water diuresis to evaluate the effect of extracellular volume expan-
sion on diluting segment sodium reabsorption and how alterations
in plasma sodium concentration may modify this effect. Urinary
volume (V) was used as an index of delivery and free water
clearance (CR2O) was used to approximate sodium reabsorption
in the diluting segment. In the majority of studies, abolishment
of antidiuretic hormone secretion was accomplished by supra-
optic-hypophyseal ablation. This model was found to produce a
steady level of urinary hypotonicity of less than 70 mosm/kg for
at least five hours. These animals were then expanded with
either 0.9% NaC1 (group 1—hypernatremic expansion) or
0.45% NaCI (group 2—normonatremic expansion). In both
groups CH2O/glomerular filtration rate (GFR) rose to a V/GFR
of 20% and then remained constant as delivery increased to
38%. In contrast, in the group 3 studies (hyponatremic expan-
sion), normal or acute diabetes insipidus (Dl) dogs which were
hyponatremic during expansion (PN= 122 mEq/liter) had a
continued increase in CH2O/GFR as V/GFR rose as high as
40%. When factored for PN, absolute sodium reabsorption was
also greater at high rates of delivery in the hyponatremic studies.
This enhanced sodium reabsorption in the diluting segment in
the group 3 studies could not be accounted for by differences in
volume expansion, medullary or papillary solutes, serum
potassium concentration or GFR when compared to groups 1
and 2. It is suggested that hyponatremia per se increases sodium
reabsorption in the diluting segment.
Effet de Ia concentration de sodium plasmatique sur Ia réab-
sorption de sodium par le segment de dilution. Ce travail a
été entrepris chez le chien soumis a une diurèse aqueuse afin
d'évaluer l'effet de l'expansion du volume extracellulaire sur Ia
reabsorption du sodium par le segment de dilution et l'infiuence
des modifications de Ia concentration plasmatique du sodium
sur cet effet. Le debit urinaire (V) a été utilisé comme un témoin
de Ia quantité délivrée au segment de dilution et la clearance de
l'eau libre (CH2O) a évalué Ia reabsorption de sodium dans ce
segment. Dans Ia majorité des cas la suppression de Ia liberation
d'hormone anti-diurétique a été obtenue par hypophysectomie
supra-optique. Ce modèle s'est révélé capable de réaliser un
état stationnaire d'hypoosmolalite urinaire inférieure a 70
mOsm/kg pendant au moms cinq heures. Les animaux ont été
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soumis a une expansion secondaire soit avec NaCl 0,9%
(Groupe 1, expansion hypernatrémique) ou 0,45% (groupe 2,
expansion normonatremique). Dans les deux groupes CH2O/
GFR augmente jusqu'h ce que V/GFR atteigne 20% puis reste
constant alors que le debit délivré au segment de dilution
augmente jusqu'à 38% de GFR. A l'opposé, dans le groupe 3
(expansion hyponatrémique), des chiens normaux ou en état de
diabète insipide hyponatrémiques au cours de l'expansion
(PN = 122 mEq/litre) ont une augmentation continue de
CH2O/GFR pendant que V/GFR augmente jusqu'à 40%. Quand
PN est pris en compte, Ia reabsorption absolue de sodium eSt
elle aussi plus importante pur les debits élevés chez les chiens
hyponatremiques, Cette exaltation de la reabsorption du sodium
par le segment de dilution dans les etudes du groupe 3 ne peut
être expliquee par des differences de l'expansion, du contenu en
substances dissoutes de Ia médullaire ou de Ia papille, de la
kaliémie ou du GFR avec les groupes 1 et 2. II est suggéré que
l'hyponatremie, par elle-même, augmente Ia reabsorption du
sodium par le segment de dilution.
The alterations in nephron function responsible for
the natriuresis which follows expansion of the extra-
cellular fluid volume are not clear. Although it has
been definitely shown that saline loading inhibits
proximal tubular sodium reabsorption [1, 2], the
response of more distal nephron sites is controversial.
Stein et al [3] and Eknoyan et al [4], using water
diuresis techniques, presented data suggesting that
sodium reabsorption in the diluting segment (the
nephron site which begins at that point in the ascend-
ing limb where tubular fluid becomes isotonic) was
inhibited during volume expansion. Subsequently,
Barton et al found no evidence that sodium re-
absorption was inhibited during volume expansion
with increasing delivery to the diluting segment
either in normal dogs or animals pretreated with
desoxycorticosterone acetate (DOCA) [5]. They
suggested that in previous studies technical problems
such as incomplete suppression of antidiuretic hor-
mone (ADH) and glycosuria had not been adequately
controlled. However, in those and other water diuresis
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studies, it is necessary to significantly decrease the
serum sodium concentration in order to sufficiently
suppress ADH. Since hyponatremia has been sug-
gested to increase sodium reabsorption [6—8], this may
be also a primary determinant of the results obtained
in water diuresis studies. In the present investigation,
this variable was obviated by studying animals with
surgically induced diabetes insipidus expanded in such
a manner that the serum sodium concentration was
either decreased, increased or remained constant. The
results indicate that normonatremic' or hypernatremic
volume expansion is associated with a maximum
sodium reabsorptive capacity in the diluting segment
while in hyponatremic dogs sodium reabsorption
continues to rise even at a markedly increased distal
delivery.
Methods
Mongrel dogs weighing 13 to 22 kg were used.
Animals were deprived of food but not water for 24 hrs
prior to the study. They were anesthetized with pento-
barbital (30 mg/kg body weight) and then given small
maintenance doses as needed. The animals were
ventilated with a respirator (Harvard Apparatus Co.,
Inc., Millis, Mass.) via an endotracheal tube. Cannulas
were inserted in a leg vein and the femoral vein for
infusion and in the femoral artery for blood pressure
measurement and blood collection. Both ureters were
cannulated via a suprapubic incision.
A total hypophysectomy and bilateral cauteriza-
tion of the supraoptic nucleus was performed by a
modified Cushing transtemporal approach as describ-
ed for the dog by Markowitz, Archibald and Downie
[9]. The latter maneuver was found to be necessary to
produce a urinary osmolality less than 100 mOsm/kg.
During the cranial surgery, systemic blood pressure
usually decreased 15 to 20 mm Hg but returned to
normal within 30 mm. At the end of the surgery,
dexamethasone (Decadron), I mg, was given intra-
venously and intravenous infusion of 0.3% NaC1 at a
rate of 1 mI/mm was started. The rate of infusion was
adjusted to replace urinary losses as the urinary flow
progressively increased. A urinary osmolality of 70
mOsm/kg or less was used as the criterion of adequate
abolishment of antidiuretic hormone. it should be
emphasized that this diminished osmolality occurred
without volume expansion or alteration in the serum
osmolality. This level was reached in approximately
The three types of volume expansion are described in terms of
the change in the plasma sodium concentration. However, this
change in plasma sodium concentration is to be considered
synonymous with the alteration in plasma osmolality.
50% of the dogs attempted and usually occurred
within two hrs after surgery.
Four groups of studies were performed:
Control group: in five studies, urinary losses were
replaced with 0.3% NaCI plus 4 mEq/liter of KCI
over a period of five hrs.
Group 1 (hypernalremic expansion): In six studies,
the animal was progressively expanded with 0.9%
NaCl plus 4 mEq/liter of KC1.
Group 2 (normonairemic expansion): in seven
studies, progressive expansion was obtained with a
solution of 0.45% NaCI plus 4 mEq/Iiter of KC1.
Group 3 (hyponatremic expansion): Initially we
attempted a similar protocol except that the animal
was made hyponatremic after surgery by rapid hypo-
tonic glucose infusion. However, in only one of 14
studies was adequate urinary hypoosmolality obtained.
In six studies, the animals died during the postopera-
tive period, an event which did not occur in the other
protocols, while the remaining seven animals either
had unstable blood pressure or persistent hypotension.
Postmortem examination of four of the dogs which
died spontaneously revealed marked cerebral edema. It
was, therefore, felt that the large hypotonic infusion
given on a background of intracranial surgery was caus-
ing marked cerebral edema with subsequent hemody-
namic deterioration. Because of the inability to perform
this type of study, the remaining seven experiments in
this group were performed in dogs without diabetes
insipidus (DI) that were water loaded. The animals
were given a solution of l glucose plus 0.l% NaC1
plus 4 mEq/liter of KCI at a rate of 1 mI/kg/mm until
the serum sodium concentration decreased below 130
mEq/liter. This usually required 90 to 120 mm. When
the serum sodium concentration was in this range and
urinary osmolality (U0sm) was 70 mOsm/kg or less,
the animal was then progressively expanded with
increasing amounts of 0.3% NaCl plus 4 mEq/Iiter of
KCI.
The mean amount of NaCl administered was 21.0,
20.9 and 20.9 g in groups 1 through 3, respectively.
There was no significant difference between any group.
In all studies, two or more five- to ten-mm urine
collection periods were obtained at each increase in
infusion rate. A blood sample was obtained at the
mid-point of a given pair of collection periods.
In a number of experiments, at the conclusion of the
study, the kidneys were removed and rapidly immersed
in liquid nitrogen. The frozen kidneys were then cut
into halves and sections were taken from the medulla
and papilla. Wet weight of the individual specimens
was determined. The samples were then dried in an
oven at 105° F for 48 hrs and reweighed to determine
water content. They were then digested with 70%
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nitric acid for 24 hrs and sodium and potassium con-
centrations were determined in the supernatant after
appropriate dilution of the digested mixture.
Glomerular filtration rate was estimated from the
'251-iodothalomate clearance; 100 Ci of '251-iodo-
thalomate was diluted in 500 ml of 0.3 NaCI and
given at a rate of 1 mI/mm after an initial injection of
20 ml. A period of one hr elapsed from the initiation of
the infusion to the beginning of the first clearance
period. Chips of AgCI2 had been placed in the con-
tainer of iodothalomate to minimize the presence of
free iodine in the solution. In 12 clearance periods in
three saline-loaded animals at urinary flow rates from
6 to 20 mI/mm, the ratio of the '251-iodothalomate
clearance/inulin clearance was 0.94 0.02, a value
quite similar to that found by Gagnon et al [10].
The concentrations of sodium and potassium in
urine, plasma and digested tissue were determined
with a flame photometer (Instrumentation Labora-
tories, Model 143); urine and plasma osmolalities
were measured with an osmometer (Osmette; 125J
iodothalomate was counted in a gamma counter
(Packard).
Calculations. Free water clearance (CH2O) was an
index of Na reabsorption in the diluting segment and
urinary flow rate (V) was used to approximate delivery
of filtrate to the diluting segment. C20 was calculated
from the formula VCosm where Cosm is the osmolar
clearance, Uosni/PosmV, where Uosm and 1osm are the
urine and plasma osmolality, respectively. C00 and V
are expressed per 100 ml of GFR in order to obviate
differences in GFR from animal to animal. However,
the results obtained were qualitatively similar when no
correction was made for GFR. Fractional reabsorp-
tion in the diluting segment (%) = CHSO/V x 100. Non-
urea solutes in the digested tissue=2(Na+K) in
rnEq/kg of H20.
The results are recorded as means SEM. Statistical
differences were determined by standard methods.
Table 1. Summary of control studies in acute diabetes insipidus dogsa
V
'° %
Exp.
No.
1 hr 2 hrs 3 hrs
U0 Posm
4 hrs 5 hrs
V Uosm Posm V Uosm Posm V v Uosm Posm V Uosm Posm
rn1/nin ,nOsm/kg mOsmlkg nzl/min inOsmJkg mOsmjkg nil/nun mOsmfkg mOsm/kg mi/mm maim/kg mOsm/kg mi/mm mOsm/kg mOsm/kg
1 4.6 69 288 5.0 75 289 4.9 72 284 4.0 72 284 4.8 69 286
2 4.0 52 281 5.2 55 284 5.7 62 289 5.0 57 298 5.3 59 292
3 5.4 60 299 5.5 61 301 6.0 66 300 6.0 66 300 5.9 65 301
4 6.0 68 297 6.3 66 302 7.1 56 302 7.1 48 3110 7.9 43 299
5 4.4 47 280 4.1 52 279 3.9 53 283 3.9 55 287 3.4 57 285
mean 4.9 59 289 5.2 62 291 5.5 62 292 5.2 60 294 5.5 59 293
SEM 0.4 3.9 3.9 0.4 4.1 4.6 0.5 3.4 4.0 0.6 4.2 3.4 0.7 4.4 3.3
. V=urmary flow rate; Uosmurinary osmolality; Posm=Plasma osmolality.
marized in Table 1. The time period began after a
Uosm of 70 mOsm/kg or less was obtained. There was
no significant change in V or Uosm during the five-hr
period of observation in any of these five studies. V
was 4.9 0.04 mi/mm at one hr and rose only
slightly to 5.5 0.7 ml/min during the last collection.
Similarly, mean Uosm was 59 mOsm/kg at one hr and
five hrs, Plasma sodium concentration was 144.2 and
146.0 mEq/liter in the first and last collection periods,
respectively. Therefore, a Uosm less than 70 mOsm/kg
was produced in each of these animals by supra-
optic-hypophyseal ablation and remained at this level
for five hrs with only replacement of urinary losses.
Group I studies (hypernatremic expansion). One of
these six experiments is summarized in Table 2. In
this study, plasma sodium concentration increased
from 144 to a maximum of 164 mEq/liter. V/GFR in-
creased from 11.4 to 19.5°/ with concomitant in-
creases in CH2O/GFR which then plateaued at approxi-
mately 15% as V/GFR increased to almost 30%. At
that delivery rate, UNaV was 1661 sEq/min while
C112C1/V was 50%. The data summarizing all studies is
shown in Table 3 and Fig. I. For all studies, the mean
plasma sodium concentration increased from 144 3
mEq/liter at the initiation of expansion to 170 2 mfiq/
liter (P<0.Ol) at the completion of the study. The
serum potassium concentration and GFR were un-
changed. The mean arterial pressure increased from
20
16
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OHypernat remie expansion
Results
Fig. 1. Effect of hypernatremic expansion on diluting segmentControl group. The results of these studies are sum- sodium reabsorption in acute diabetes insipidus (Dl) dogs.
.i 8 12 16 20 24 25 32 35 40
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Table 2. Summary of a representative group 1 studya
Time V GFR Uoom CH2O UN0V PN0
—---x 100 x 100 x 10GFR GFR GFR
miii mi/mm mi/mu mOsm/kg mi/mm mEq/mun mEq/iiter % % %
0 x 100V
%
— 100—0 0.3% NaCI+4 mEq/liter of KCI at urine flow rate
0—20 80b 70 49 6.7 16 144 11.4 9.6 0.01 84
20—45 0.9% NaCl+4 mEq/litcr of KCI at 10 mi/mm
45—65 11.8 71 50 9.8 136 153 16.6 13.8 1.25 83
65—85 Increase infusion to 12 mI/mm
85—95 13.8 72 78 10.4 324 158 19.2 14.4 2.8 75
95—105 Increase infusion to 16 mI/mm
105—125 15.0 77 86 11.0 472 160 19.5 14.3 3.8 73
125—135 16.4 77 98 11.5 623 162 21.2 14.9 5.0 70
135—145 Increase infusion to 20 mI/mm
145—165 18.6 76 127 11.4 986 163 34.5 15.0 7.9 61
165—185 22.0 74 169 11.0 1661 164 29.7 14.9 13.7 50
0 V= urinary flow rate: GFR= glomerular filtration rate; Uoom urinary osmolality; C20 =free water clearance;UNOV= urinary
sodium excretion; PN= plasma sodium concentration; CN0=sodium clearance.
Mean of two collection periods.
Table 3. Summary of clearance data at maximum sodium excretiono
Group GFR PN0 V/GFR > 1000 UNV, C1120/GFR x 100 CNa/GFR x 100 CH2OIVX 100
mi/mu mEq/iiter % Eq/mmn 0/0 0/;; 0/
1(N_—6) 65.7±4.00 170±2.0 31.6±2,3 1900±117 13.1±0,6 17.4±1.7 42.0±2.0
2(N=7) 67.9±3.0 140±3.1 31.4± 1.2 1556± 139 13.4±0.6 16.3± 1.4
3(N=8) 64.6±3.5 122±2.3 30.3±2.3 817±131 19.2±1.0 10±1.9
42.9±2.6
63.3±2.5
F, 1 vs 2 NS <0.001 NS NS NS NS
1 vs3 NS <0.001 NS <0.001 <0.001 <0.025
NS
<0.0012vs3 NS <0.001 NS <0.001 <0.001 <0,025 <0.001
GFR = glomerular filtration rate; PN = plasma sodium concentration; V = urinary flow rate; UNaY =urinary sodium excretion;
C20=free water clearance; CN=sodium clearance; NS=not significant.
Mean 5EM.
Table 4. Summary of a representative group 2 studyo
Time
mm
V GFR Uoom CH20 U0V
mi/mm mi/mu mOsm/kg mi/mu mEg/mu
PNO
mEg/liter
—— x 100GFR
%
x 100GFR
%
x 100GFR
%
1V00
0/
—90—0 0.30/s NaC1+4 mEq/Iiter of KC1 at urine flow rate
0—10 5,70 60 59 4.6 14 140 9.5 7.7 0.17 81
10—25 0.450/a NaCI+4 mEq/liter of KC1 at 15 mI/mm
25—40 6.8 56 60 5.4 44 141 12.1 9.6 0.56 79
40—55 Increase infusion to 2! mI/mm
55—70 8.0 54 67 6.2 108 140 14.8 11.5 1.4 78
70—85 Increase infusion to 27 mI/mm
85—100 10.3 57 90 7.1 309 340 18.1 12.5 3.9 69
100-115 Jncrease infusion to 33 mi/mm
115—130 14.8 59 144 7.5 910 140 25.1 12.7 11.0 51
130—145 Increase infusion to 39 mi/mm
145—160 18.7 61 171 7.6 9421 139 30.7 12.5 16.7 41
160—1 75 Increase infusion to 45 mI/mm
175—190 21.8 62 182 7.6 1809 138 35.2 12.3 21.3 35
o v=urinary flow rate; GFR= glomerular filtration rate; Uosm = urinary osmolality; CH2O = free water clearance; UNOV = urinary
sodium excretion; PNO = plasma sodium concentration; CNa = sodium clearance.
O Mean of two or three collection periods.
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Fig. 2. Comparison of the effect of hypernatremic and normo-
natremic volume expansion on diluting segment sodium reabsorp-
tion in acute DI dogs. The enclosed area represents a composite of
the hypernatremic expansion data.
122 to 134 mm Hg during progressive expansion.
Maximum absolute and fractional sodium excretion
were 1900 117 sEq/min and l7% respectively, and
C20/V at maximum V/GFR was 42%. As is shown in
Fig. 1, V/GFR and CH2O/GFR rose in parallel fashion
to a V/GFR of approximately 20% and then plateaued
as V/GFR rose as high as 38%.
Group 2 studies (normonatremic expansion). The
results of one of these studies are presented in Table 4
and the summary of all seven studies is presented in
Fig. 2. In this study, plasma sodium concentration was
140 mEq/liter at the initiation of volume expansion
and remained fairly constant throughout the study. As
delivery to the diluting segment (V/GFR) increased
from 9.5 to l8.l%, there was a progressive increase in
C20IGFR from 7.7 to 12.5%. However, with a further
increase in V/GFR to 35%, CH2O/GFR remained
constant at approximately l2.5%. At maximum de-
livery rate, fractional reabsorption in the diluting
segment (C1120/V) had fallen to 35%. For all studies
mean plasma sodium concentration was 142 3.0
mEq/liter at the initiation of expansion and not
significantly changed at 140±3 mEq/liter at the com-
pletion of the study. There was no significant change in
the serum potassium concentration or GFR. The mean
arterial pressure increased from 119 to 130mm Hg
during expansion. The mean CH2O/V was 35% at the
point of maximum delivery. The results of all seven
studies are summarized in Fig. 2 and compared with
the group 1 studies. The enclosed area represents the
C20 curve of the group 1 studies. V/GFR and CH2O/
GFR rose in parallel fashion to a V/GFR of approxi-
mately 20%. After this point C20/GFR did not
increase even though delivery increased to 38% of the
filtered load. Virtually all of the group 2 points fall
within the confined curve of the group 1 experiments.
Group 3 studies (hyponatremic expansion). A repre-
sentative experiment in one of the non-DI dogs is
shown in Table 5. in this study a hypotonic infusion
was given at a rate of 16 mI/mm for two hrs to decrease
the serum sodium concentration to 125 mEq/liter.
The animal was then progressively expanded with
0.3% NaC1. In contrast to the hypernatremic or normo-
natremic studies, CH2O continued to increase at all
levels of V and showed no evidence of a limit at a
V/GFR of 29.6%. In addition, UNaV was only 936
Eq/min, fractional sodium excretion was 8.9% and
C20f V was 67% at maximum V. A summary of all
eight studies is shown in Fig. 3 and is compared with
the combined CH2O curve of groups 1 and 2. As in the
previous two groups, there was no significant change
in serum potassium concentration or kidney GFR
while mean arterial pressure increased from 123 to
136 mm Hg. The majority of points lie within the
confines of the curve until a V/GFR of approximately
Table 5. Summary of a representative group 3 study0
Time
mm
V GFR U0 CH2O UN0V PNa
mit mm mi/mm mOsm/kg mi/mm mEq/min mEq/iiter
1GFR
%
oo.iiI2X 100GFR
%
-- x 100GFR
%
V
0 100
—120—0 1% glucose+O.1% NaCI+4 mEq/liter of KC1 at 16 mI/mm
0—10 74b 76 52 6.1 11 125 9.7 8.0 0.11 82
10—30 Change to O.3°/ NaCI+4 mEq/liter of KC1 at 26 mi/mm
40—50 11.0 76 44 9.1 33 126 14.5 12.0 0.34 82
50—60 12.0 76 44 9.9 42 126 15.8 13.0 0.44 82
60—80 Increase infusion to 36 mi/mm
80—100 13.6 74 54 10.7 170 127 18.4 14.5 1.8 79
100—120 Increase infusion to 48 mI/mm
120—140 19.2 77 76 13.5 557 128 24.9 17.5 5.6 70
140—160 Increase infusion to 60 mI/mm
160—180 24.0 81 85 16.2 936 129 29.6 20.0 8.9 67
V =urinary flow rate; GFR= glomerular filtration rate; Uosm = urinary osmolality; CH2O= free water clearance; UNaV urinary
sodium excretion; PNa = plasma sodium concentration; C = sodium clearance.
b Mean of two collection periods.
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Tissue solutes. In Table 6 are listed results of studies
: comparing inner medullary and papillary nonurea
solutes in these three groups of studies. The kidneys
were removed at a comparable Y/GFR of 31.6±2.2,
31.4± 1.2 and 37.5± 1% in groups 1 through 3,
respectively. The mean papillary solute concentration
was significantly greater in the hypernatremic group
than in either the normonatremic animals (P < 0.005)
or the hyponatremic groups (P <0.025). Although the
mean inner medullary Na concentration was also
higher in the group 1 studies, this was not statistically
different from groups 2 and 3. There was no
significant difference in inner medullary or papillary
non urea solutes between the normonatremic and
hyponatremic groups. Papillary osmotic gradients were
estimated as the difference between the nonurea solutes
and the urinary osmolality at the time of cessation of
the experiment. There was no difference between the
normonatremic and hypernatremic studies, 266 and
298 mOsm/kg, respectively, in the hyponatremic stu-
dies, the mean papillary osmotic gradient was higher,
333 mOsm/kg, although this was below the level of
statistical significance when compared with groups 1
and 2.
Discussion
4 8 12
l;;
20 25 32 36
Fig. 3 Comparison of the effect of hyponatremic vs hyper and
normonatremic expansion on diluting segment sodium reabsorption.
The enclosed area represents a composite of the hypernatremic
and normonatremic expansion data.
22%. After this point, only two experimental points are
superimposable while the remaining 17 experimental
collections are at a higher CII2O/GFR at any given
V/GFR than in the normonatremic or hypernatremic
studies. In one study done in a surgical DI dog, similar
results were obtained as C1120/GFR continued to rise
even at a V/GFR of 36%. Considering all points with
a V/GFR of 20% or greater, the slope of the line
comparing V/GFR and CH2O/GFR was not signifi-
cantly different from 0 in either group 1 or 2. In con-
trast, there was a significant regression line for all data
points with a V/GFR of 20% or greater in the group 3
studies (r=0.89, P<0.001). In addition, there was a
markedly different slope of this line when compared to
either group 1 or 2 (P<0.00l for both values). The
mean plasma sodium concentration in this group of
studies was 122 mEq/liter. Maximum UNOV, frac-
tional sodium excretion, and CH2Q/V at maximal
V/GFR were 817 p.Eq/min, l0% and 63%. All of these
values were significantly different from the results
obtained in the normonatremic or hypernatremic
studies, as is shown in Table 3.
In the present study, the model of water diuresis was
utilized to determine the effect of volume expansion on
sodium reabsorption in the more distal portions of the
nephron and how plasma sodium concentration may
modify this effect. The validity of using these types of
data as an index of segmental sodium transport must
first be evaluated. Two basic assumptions are made:
1) that V is a reasonable estimate of filtrate delivery to
the diluting segment, and 2) that C20 is an index of
sodium reabsorption in the diluting segment. The
primary source of error in this model relates to the
back-diffusion of water out of the collecting duct. This
Table 6. Summary of medullary solute data
Group Inner medulla Papilla
Water content
%
Nonurea solute
inEqJkg of H20
Water content
%
Nonurea solute
mEq/kg of H20
Papillary
osmotic gradient
mOsm/kg
1(N=5)
2(N=5)
3(N=8)
P, 1 vs2
lvs3
2vs3
90±0.50
91±0.4
90±0.5
NS
NS
NS
437±25
376±22
382±26
NS
NS
NS
89±0.4
90±0.8
89±1.9
NS
NS
NS
505±13
420±15
424±21
<0.005
<0,025
NS
298±14
266±19
333±26
NS
NS
NS
0 Mean SEM.
24
20
55
16
C
2
:80-
4 Normal dogs
•DI dog
41)
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may be due either to alterations in papillary tonicity or
the release of ADH. In regard to the first possibility,
Jamison, Buerkert and Lacy conclusively demon-
strated that back-diffusion of water in the collecting
duct not only occurs in the absence of ADH but is
quantitatively greater than in hydropenia [11].
Recently, Jamison and Lacy also found in rats with
diabetes insipidus that 9.5% of the filtered water was
reabsorbed from the end of the accessible portion of
the distal tubule to the final urine [12]. This indicates
that C1120 will underestimate sodium reabsorption in
the diluting segment. Therefore, in any study utilizing
water diuresis data, medullary and papillary solutes,
the primary driving force for back-diffusion must be
evaluated (vida infra). Moreover, incomplete suppres-
sion of ADH release will significantly alter the results
of water diuresis studies. To obviate this possibility,
the majority of these experiments were performed in
animals with supraoptic hypophyseal ablation. In
these experiments, the spontaneous development of a
U02m of 70 mOsm/kg or less after cranial surgery was
utilized as a criterion of acceptable ablation of ADH.
Although the presence of a small residual amount of
ADH cannot be excluded, two points are worthy of
note. First, in a period of five hours, Uüsm in the five
control studies was maintained at approximately 56
mOsm/kg with only replacement of urinary losses.
Second, in the hypernatremic expansion studies, the
serum osmolality in several studies rose to values of
320 mOsm/kg or more, while Uosm remained less than
70 mOsm/kg. The presence of this degree of hyper-
tonicity in association with such a markedly dilute
urine makes it quite unlikely that any residual ADH
was still present and able to respond to physiologic
stimuli. It seems, therefore, that ADH was maximally
suppressed by the surgical extirpation of the supra-
optic-hypophyseal complex. In the initial group 3
studies, we found that marked cerebral edema during
the induction of hyponatremia made it impossible to
complete more than one study in a surgically induced
DI dog. In the remaining studies, ADH was suppressed
by hypo-osmolar expansion. Even though the method
utilized to suppress ADH in groups 1 and 2 was quite
different from that used in all but one of the group 3
studies, the adequacy of suppression in this latter
group is well demonstrated in Fig. 3 where C1120 is the
same or greater at any given V than in the surgical
DI group.
In the present studies, it was found that C11 rose
parallel to an increase in V/GFR to approximately
20°/ in all groups. With a further increase in delivery,
CH20/GFR continued to rise only in those dogs with
persistent hyponatremia. There are several possible
explanations of this finding. Differences in expansion
of the extracellular volume in the three groups must be
considered. There was no significant difference in the
amount of sodium given in the group 3 studies when
compared to the hypernatremic or normonatremic
groups. Secondly, the hyponatremic group was also
pretreated with a large volume of water, which also
will further expand ECF. Thirdly, since sodium
excretion was considerably less in these studies at the
higher rates of delivery, there was a greater positive
balance of sodium in the hyponatremia studies. Also,
Schrier et al have measured the changes in plasma and
extracellular fluid volume when the same amount of
sodium chloride was given as either a 0.9 or 0.3%
solution [7]. There was a markedly greater increase in
both plasma and interstitial fluid volume during the
hypotonic infusion, presumably due to the three-fold
greater amount of water given. Therefore, it may be
that the hyponatremic group was more expanded than
the other two groups, but this would be the converse
alteration expected to explain the present findings.
As discussed previously, differences in the driving
force for back-diffusion of water in the collecting duct
must also be considered in comparing different experi-
mental models. If the driving force for back-diffusion
of water in the collecting duct was greater in the group
1 and 2 studies, this would be an explanation for the
greater C1120 values in the hyponatremia studies. That
this was not the case is demonstrated by the data in
Table 6. Although the absolute value for nonurea
solutes was significantly greater in the papillary tissue
during hypernatremic expansion, there was no signi-
ficant difference between the normonatremic and
hyponatremic groups, even though the free H20
curves were markedly different (Fig. 3). Therefore,
there is no evidence from these data to suggest that
alterations in inner medullary or papillary tonicity can
account for the differences in the C1120 curves between
these groups. Since the papillary osmotic gradient was
similar in the three groups, it seems likely that a
comparison of the changes in V will primarily reflect
alterations in proximal tubular sodium reabsorption,
an index quite sensitive to expansion of the extra-
cellular fluid volume [1, 2]. Therefore, the similar
values of delivery in the three groups (Table 3; Figs.
1 through 3) further support the view that extracellular
fluid volume expansion was comparable.
Thus, the continued increase in diluting segment
sodium reabsorption at any delivery in the hypona-
tremia studies was not due to less ECF expansion or
to diminished back-diffusion of H20 in this group.
Also, there was no difference in blood pressure, GFR,
or serum potassium concentration among the three
groups.
Recent studies have demonstrated the importance of
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the anionic composition of the fluid delivered to
Henle's loop [13]. Wallin et al presented data indicat-
ing that TCH2O formation was dependent on sodium
chloride delivery and that reabsorption of sodium
bicarbonate contributed little if anything to T°H20
formation [13]. These findings are presumably re-
lated to the recent demonstration of active chloride
transport in the thick ascending limb of Henle's loop
[14,15]. Therefore, the ratio of chloride-to-bicarbonate
delivery to the diluting segment may also effect C20
formation. Although the serum concentrations of
chloride and bicarbonate were not measured in this
study, it seems unlikely that the present results can be
explained on this basis. First, even though the serum
sodium concentrations were quite different in the three
groups of experiments, this does not necessarily imply
that parallel alterations in the serum bicarbonate
concentration occurred. Lowance et al have shown that
hypotonic expansion increases hydrogen ion secretion
which will maintain or, in certain circumstances,
increase the serum bicarbonate concentration [16].
Although those experiments were performed over a
longer period of time, they do demonstrate that the
bicarbonate concentration can be regulated in spite
of changes in serum osmolality. Secondly, even if the
serum bicarbonate did increase slightly more in the
group 3 dogs, the ratio of serum chloride to bicar-
bonate would almost surely have been greater in the
group 1 animals whose serum sodium concentration
was 48 mEq/liter greater than that of group 3. Third,
studies by Rosin et al [17] and experiments from this
laboratory (unpublished observations) demonstrated
that the C20 generated during acetazolamide admini-
stration was less at any given V than during volume
expansion. Therefore, differences in bicarbonate
delivery should be discernible at all rates of delivery
and not just at the very high rates as in the present
studies (Fig. 3).
Since animals in groups 1 and 2 had supraoptic
hypophyseal extirpation while this procedure was
performed in only one of the group 3 studies, it is pos-
sible that some unknown differences in the physio-
logic state of these animals may explain the results
obtained. For example, the different protocols utilized
may affect medullary tonicity and make a comparison
of these values and the free water curves complex.
Supraoptic hypophyseal ablation conceivably could
alter intrarenal hemodynamics and medullary blood
flow independent of the absence of ADH. If this was
the case, the possibility exists that the medullary
osmolality and the papillary osmotic gradients in the
group 3 protocol, if performed in surgical DI dogs,
could have been significantly decreased in comparison
to groups 1 and 2.
However, previous studies suggest a more likely
explanation. There has been a great deal of investiga-
tion of the role of serum sodium concentration on
tubular sodium reabsorption. Blythe and Welt have
presented data suggesting that hyponatremia en-
hances sodium reabsorption [6]. In this group of
studies, the filtered load of sodium was maintained
constant by lower GFR in the initial expansion period
and then GFR was brought back to normal as hypona-
tremia was induced by water loading. In this later
period, sodium excretion diminished. However, it is
not clear whether this effect was related to hypona-
tremia of an alteration in glomerulotubular balance.
Schrier et al have presented further data to support the
view that hyponatremia per se enhances sodium re-
absorption [8]. They found that expansion of plasma
volume with dextran in glucose caused no natri-
uresis, while equivalent loading with dextran in saline
solution resulted in a marked natriuresis. In addition,
Schrier et al also found that hypotonic expansion
increased plasma and interstitial volumes to a greater
extent than either isotonic or hypertonic expansion
with an equivalent load of NaCl, although the former
was associated with the smallest rise in sodium excre-
tion [7]. The results of the present study are certainly
compatible with these findings. However, since the
absolute delivery of Na at any V/GFR was less in the
group 3 studies than in either groups 1 or 2 (due to the
lower Na in group 3), it is possible that diluting seg-
ment absolute sodium reabsorption may not be dif-
ferent between the groups. That this is not the case is
shown in Figs. 4 and 5. In Fig. 4, V/GFR and C.,0/
GFR are factored by the plasma sodium concentra-
tion and a comparison is made of the groups 1 and
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the distal tubule and the collecting duct. Whether one
or all portions of the diluting segment are affected by
hyponatremia cannot be ascertained from these data.
However, the recent data of Lipton may be of interest
both in regard to the site of enhanced sodium re-
absorption and as to a possible mechanism [18]. This
author confirmed the previous observations of Maffly
and Edelman [19] and Ussing [20], who found that
sodium transport as measured by short-circuit current
(SCC) increased across the toad bladder when the
serosal medium was made hypotonic. Lipton found
that the increase in SCC was due to an increase in
activity of the basally located sodium pump. Further,
this activation was due to increased cellular energy
metabolism. If hypoosmolarity per se does indeed
enhance sodium transport, it would seem most likely
that this would primarily affect those areas of the
diluting segment located in the cortex, i.e., cortical
portion of the ascending limb, distal tubule and cortical
collecting tubule.
In the present study, there was no difference in the
free water curves or fractional sodium excretion in the
normonatremic and hypernatremic expansion studies
(Fig. 2 and Table 3). Yet, it has been previously
suggested that hypernatremia per se may inhibit sodium
reabsorption [21]. Kamm and Levinsky infused hyper-
tonic saline solution into the renal artery of an in situ
perfused kidney and maintained a filtered load similar
to the contralateral kidney by a clamp on the per-
fused side [21]. They found a greater urinary sodium
excretion rate in the kidney receiving hypertonic saline
even when the filtered load was lower than on the
control side, suggesting that hypernatremia may
inhibit sodium transport. However, there is an alter-
native explanation for these findings. The filtered
load was maintained constant in the perfused kidney
by decreasing the GFR as plasma sodium concentra-
tion rose. Therefore, it may be that an alteration in
glomerulotubular balance and not an effect of hyperna-
tremia per se accounted for the findings in this study.
In support of this view, Puschett et al using a similar
in situ perfused kidney found that absolute proximal
tubular sodium reabsorption as measured by the distal
blockade technique varied with the filtered load when
GFR was altered but was not proportionally affected
when the plasma sodium concentration was increased
[22]. However, even if hypernatremia does depress
sodium reabsorption, the massive volume expansion
utilized in the present studies may have altered sodium
reabsorption to such a degree that an effect of hyper-
natremia could not be discernible.
In groups 1 and 2, sodium reabsorption in the dilu-
ting segment plateaued after delivery had increased to
20% of the filtered load. This may be indicative of
Fig. 5. Comparison of tile effect of hyponatremic and normona-
tremic volume expansion on absolute sodium reabsorption in the
diluting segment. A = normonatremic expansion. The enclosed
area represents a composite of the hyponatremic data. The data
in both groups were obtained from the original CH20 values
(Fig. 2 and 3) corrected for PN.
3 studies. In the group 1 studies, absolute re-
absorption progressively increased to a delivery of
approximately 3.0 mEq/l00 ml of GFR and then
plateaued, while group 3 absolute diluting segment Na
reabsorption continued to rise. For all points in the
hyponatremic studies with an absolute delivery of
3 mEq/l00 ml or greater, the linear regression was
y=0.43X+.91 (r=0.90, P<0.00l). The slope of the
data at comparable rates of delivery in the hyperna-
tremic studies was not significantly different from
zero. In addition, the slope of the groups 1 and 3
regression line at delivery of 3 mEq/l00 ml or greater
was significantly different at the P <0.001 level. Fig. 5
compares the normonatremic and hyponatremic data.
Above a delivery of 3.0 mEq/l00 ml of GFR there
was no overlap between the two groups. The slope of
the regression line of all normonatremic data with a
delivery of 3 mEq/l00 ml or more was not signifi-
cantly different from zero. In addition, the slopes of
the hyponatremic and normonatremic regression lines
were significantly different at the P <0.001 level of
significance. Therefore, both fractional and absolute
diluting segment sodium reabsorption are greater
during hyponatremic volume expansion when com-
pared to either normonatremic or hypernatremic
expansion.
How hyponatremia could modify diluting segment
sodium reabsorption is not clear. From the findings of
these studies, it would only be speculative to attempt
to define the mechanism and specific site of enhanced
diluting segment sodium reabsorption during hypona-
tremia. The diluting segment begins at that point in the
ascending limb where tubular fluid once again becomes
isotonic and includes a portion of the ascending limb,
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either inhibition of sodium reabsorption secondary to
volume expansion or to saturation of the reabsorptive
capacity per Se. There are few models in which delivery
to the diluting segment can be increased by this magni-
tude without volume expansion. Buckalew et al com-
pared the CH2O curves obtained during volume expan-
sion and acetazolamide administration in patients
with diabetes insipidus [23]. They found CH2O to be
greater at the higher rates of delivery during acetazola-
mide administration, suggesting that volume expansion
may have an inhibitory effect on diluting segment
sodium reabsorption. However, studies by Rosin et al
[17] and ourselves (unpublished observations) have
demonstrated that the CH20 generated during acetazol-
amide administration in the dog at any given V is
lower than during volume expansion. This is presuma-
bly related to the effect of NaHCO3 acting as a nonre-
absorbable solute in the diluting segment. Why the
studies in man and dog are so disparate is not clear.
Navar increased distal delivery in Dl dogs with bi-
lateral carotid artery occlusion which increased renal
perfusion pressure [24]. In comparing the free water
curves during alterations in perfusion pressure with
those during hypertonic saline loading, there was some
indication of a fall in CH2O at a given delivery rate
during expansion. However, in the studies of Aperia,
Broberger and Soderlund utilizing a perfused kidney
model, marked increases in perfusion pressure and
V/GFR caused little if any parallel increase in C20/
GFR [25]. Therefore, it cannot be determined with
certainty whether the flattening of the free water
curve in the present study is a function of load or an
inhibitory effect of volume expansion on diluting
segment sodium reabsorption. However, in a recent
micropuncture study from this laboratory, we found
no difference in the delivery rate of sodium to the distal
tubule during Ringer's and hyperoncotic albumin
infusion in the rat [26]. Yet, sodium excretion was
three times greater in the Ringer's studies. Assuming
that superficial nephron data are representative of
whole kidney function, this would suggest that collect-
ing duct transport was inhibited during volume expan-
sion with Ringer's infusion. Sonnenberg also noted
diminished sodium transport in the collecting duct in
studies in which he expanded rats with whole blood
[27]. Since Jamison and Lacy have found that the
collecting duct significantly contributes to the diluting
process [12], it is possible that the flattening of the free
water curve in the groups 1 and 2 studies is due at
least in part, to an effect of volume expansion on
collecting duct sodium transport. If a volume-depend-
ent inhibition of diluting segment sodium transport
did occur in groups I and 2, this would suggest that
hyponatremia can in some manner modify this effect.
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